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Abstract
Relativistic heavy-ion collisions produce a hot and dense thermalized medium, that is expected to emit
thermal radiation in form of dileptons. These dileptons are not affected by the strong force and are therefore
a clean probe for the possible creation of a Quark Gluon Plasma (QGP). However, electroweak decays of
open-charm mesons are expected to induce a substantial background in the invariant mass region between
the φ and J/Ψ peak (1 GeV . Mℓ+ℓ− . 3 GeV) of the thermal QGP radiation. To evaluate this background
radiation we apply a Langevin approach for the transport of charm quarks in the UrQMD (hydrodynamics +
Boltzmann) hybrid model. Due to the inclusion of event-by-event fluctuations and a full (3+1)-dimensional
hydrodynamic evolution, the UrQMD hybrid approach provides a more realistic model for the evolution of
the matter produced in heavy ion collisions as compared to simple homogeneous fireball expansions usually
employed before. As drag and diffusion coefficients we use a resonance approach for elastic heavy-quark
scattering and assume a decoupling temperature of the charm quarks from the hot medium of 130 MeV.
For the hadronization of the charm quarks we employ a coalescence approach at the decoupling temperature
from the medium. In this letter we present our calculations of the D-meson correlations and the invariant
mass spectra of the dilepton decays in heavy-ion collisions at FAIR, RHIC, and LHC energies using different
interaction scenarios.
1
I. INTRODUCTION
In the spirit to explore the possible existence of a phase of matter with quarks and gluons as
degrees of freedom, the Quark Gluon Plasma (QGP), various attempts have been made to propose
observables for its verification [1–3].
One particularly interesting probe for the exploration of the QGP are charm quarks. Charm
quarks are produced in the hard primary parton-parton collisions in the pre-equilibrium phase of
the matter evolution. Since the quantum number charm is conserved in the strong interaction,
charm quarks are produced as charm-anti-charm pairs and are emitted dominantly back-to-back
due to momentum conservation. In the following evolution of the (locally thermalized) medium,
the charm quarks traverse the QGP and finally hadronize to D/D¯-mesons when the system cools
down. These D/D¯-mesons decay to electrons and positrons and can be measured. The angular
correlations between the decaying D/D¯-mesons lead to correlated e+e−-pairs which populate the
invariant-mass spectra. Depending on the strength of the medium interaction of the D/D¯-mesons
and their momentum change during the hadronization process a different strength in the angular
correlations have already been explored in [4, 5] using a Langevin approach on a Bjorken’s hydrody-
namics background. In this study a substantial modification of the correlations distributions in the
partonic phase was found. The modification in the hadronic phase, however, seems to be negligible.
Apart from learning more about D-meson interactions in the medium, such calculations can
also be utilized to learn more about thermal QGP radiation. Thermal dilepton radiation of the
hot and dense matter allows to draw conclusions on the matters nature, i.e., to determine its
temperature and the in-medium properties of the electromagnetic current correlation function,
which is closely related to the spectral properties of the light vector mesons, ρ, ω, and φ, in the
low-mass region, Mℓ+ℓ− . 1 GeV [6–8]. Unfortunately though, background radiation complicates
these measurements. By far, the most important contribution to this background radiation in the
invariant-mass range between the φ and J/Ψ peak of approximately 1 GeV to 3 GeV is the dilepton
radiation originating from open-charm decays, where it competes with the thermal radiation from
the partonic phase of the fireball evolution. This background yield is sensitive to the energy loss
of charm quarks in the medium. Thus, the knowledge of charm quark and D-meson interactions
in the hot medium provides us with insights to the thermal QGP radiation.
In this paper we explore the D-meson correlations and the invariant mass spectra of D-meson
dileptons at FAIR (Au+Au at a beam energy of Elab = 25GeV), RHIC (Au+Au at
√
sNN =
200 GeV) and LHC (Pb+Pb at
√
sNN = 2.76 TeV). For this purpose we use a hybrid model,
consisting of the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model [9, 10] and a
full (3+1)-dimensional ideal hydrodynamical model [11, 12] to simulate the bulk medium. The
heavy-quark propagation in the medium is described by a relativistic Langevin approach.
Similar quark-propagation studies have recently been performed in a thermal fireball model
with a combined coalescence-fragmentation approach from Rapp and Hees [13–19], in an ideal
hydrodynamics model with a lattice-QCD EoS [20, 21], in a model from Kolb and Heinz [22], in
the BAMPS model [23, 24], the MARTINI model [25] as well as in further studies and model
comparisons [26–30]. Previous studies, that focus on the correlation of D-mesons and/or invariant
mass spectra in transport models, can be found in [4, 5, 31–33].
The UrQMD hybrid model provides a realistic and well established background, including event-
by-event fluctuations and has been shown to very well describe many collective properties of the
hot and dense medium created in relativistic heavy-ion collisions.
2
II. DESCRIPTION OF THE MODEL
The UrQMD hybrid model [34] combines the advantages of transport theory and (ideal) fluid
dynamics. The initial conditions are generated by the UrQMD model [10, 35, 36], followed by a
full (3+1)-dimensional ideal fluid dynamical evolution, including the explicit propagation of the
baryon current. After a Cooper-Frye transition back to the transport description, the freeze out
of the system is treated dynamically within the UrQMD hadron cascade. The hybrid model has
been successfully applied to describe particle yields and transverse dynamics from AGS to LHC
energies [34, 37–40] and is therefore a reliable model for the flowing background medium.
The equation of state includes quark and gluonic degrees of freedom coupled to a hadronic
parity-doublet model [41]. It has a smooth crossover at low baryon densities between an interacting
hadronic system and a quark gluon plasma and a first order phase transition at higher densities.
The thermal properties of the EoS are in agreement with lattice QCD results at vanishing baryon
density.
For the present study of the charm quark dynamics in the expanding medium of light quarks we
employ the well-known stochastic Langevin equation, suitable for numerical simulations [13, 26, 42–
46]. Such a Langevin process reads
dxj =
pj
E
dt, dpj = −Γpjdt+
√
dtCjkρk. (1)
Here E =
√
m2 + p2, and Γ is the drag or friction coefficient. The covariance matrix, Cjk, of
the fluctuating force is related with the diffusion coefficients. Both coefficients are dependent
on (t,x,p) and are defined in the (local) rest frame of the fluid. The ρk are Gaussian-normal
distributed random variables. For details, the reader is referred to [19, 47].
The drag and diffusion coefficients for the heavy-quark propagation within this framework are
taken from a resonance approach [44, 47]. It is a non-perturbative approach, where the existence
of D-mesons and B-mesons in the QGP phase is assumed. The drag and diffusion coefficients
obtained from this approach are shown in Figure 1 (left) as function of the three-momentum |~p| at
T = 180MeV and in Figure 1 (right) as function of the temperature at a fixed three-momentum
of |~p| = 0.
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FIG. 1. (Color online) Drag and diffusion coefficients in the resonance model for charm quarks. Left:
The plot shows the dependence of the coefficients on the three-momentum |~p| at a fixed temperature of
T = 180MeV. Right: The plot shows the dependence of the coefficients on the temperature at a fixed
three-momentum |~p| = 0.
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The initial production of charm quarks in our framework is based on a time resolved “Glauber”
approach [48–51], i.e. we perform first a UrQMD run excluding interactions between the colliding
nuclei and save the nucleon-nucleon collision space-time coordinates. These coordinates are used in
a second, full UrQMD run as (possible) production space-time coordinates for the charm quarks.
For the initially produced charm quarks at FAIR, RHIC and LHC energies we utilize different
models:
• For collisions at Elab = 25AGeV we use the D-meson transverse mass spectrum from HSD
calculations [52] fitted by
dN
dpT
=
C
(
1 +A1 · p2T
)A2 , (2)
with the coefficients A1 = 0.870/GeV
2 and A2 = 3.062. C is an arbitrary normalization
constant with the unit 1/GeV. This function is then used for the initial charm quark pro-
duction.
• At RHIC (√sNN = 200 GeV) we use
dN
dpT
=
C · (1 +A1 · p2T
)2
pT
(
1 +A2 · p2T
)A3 , (3)
with A1 = 2.0/GeV
2, A2 = 0.1471/GeV
2, A3 = 21.0. C is an arbitrary normalization
constant with the unit 1/GeV2. This distribution is taken from [13, 44]. It is obtained
by using tuned c-quark spectra from PYTHIA. Their pertinent semileptonic single-electron
decay spectra account for pp and dAu measurements by the STAR collaboration up to
pT = 4GeV. The missing part at higher pT is then supplemented by B-meson contributions.
• At LHC (√sNN = 2.76 TeV) the initial distribution is obtained from a fit to PYTHIA
calculations. The fitting function we use is
dN
dpT
=
CpT
(
1 +A1 · p2T
)A2 (4)
with the coefficients A1 = 0.379/GeV
2 and A2 = 5.881. C again is an arbitrary normaliza-
tion constant with the unit 1/GeV2. In all cases we neglect gluon radiation on the outgoing
charm quarks and assume a full back-to-back emission of the cc¯ pair.
Starting with these charm-quark distributions as initial conditions we perform in the hydrody-
namic state an Ito post-point time-step of the Langevin simulation, employing the local hydro’s
cell velocities and cell temperatures for the calculation of the momentum transfer to the heavy
quarks.
We include a hadronization mechanism for charm quarks into D-Mesons, via the use of a quark-
coalescence mechanism (see [47, 53–55] for details) when the decoupling temperature is reached.
This approach has already been successfully applied to describe experimental measurements
of the nuclear modification factor and the elliptic flow at RHIC and LHC energies [47, 53, 54].
Moreover it has been used to predict the medium modification of D-mesons at FAIR energies [55].
4
III. THE CORRELATION-ANGLE DISTRIBUTION
Let us start with our results for the azimuth angular correlation, followed by the full angular
correlation. We have performed our calculations for FAIR, RHIC and LHC energies in the centrality
range of σ/σtot =20%-40%. Our results for the relative azimuth correlation of the decoupled D-
mesons, that means the azimuth angle of the momenta between quark pairs emitted back-to-back,
are shown in Fig. 2.
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FIG. 2. (Color online) Relative azimuth correlations of D-mesons at FAIR, RHIC and LHC energies in the
centrality range of 20-40%. Three different scenarios are shown: no interaction with the medium, physical
drag and diffusion coefficients and extreme thermalization with 20-fold higher coefficients. The angular
modification for the case of no interaction with the medium is due to the coalescence mechanism. The yields
are normalized to one.
The following observations can be made:
No interaction: The charm quarks do not interact with the medium. The modification of
the initial back-to-back correlation is due to the coalescence mechanism only. We observe that
the coalescence alone leads to a considerable modification of the DD¯ angular distribution. This
modification grows larger for lower energies since the charm momenta are lower and the modification
due to the coalescence with the light quarks is relatively more important.
Physical scenario: We apply the full calculation plus coalescence, which has been successful in
describing RAA and v2 of non-photonic electrons at RHIC as well as D-mesons at the LHC [47, 53,
54]. Here the angular distribution flattens and virtually all charm quarks interact considerably with
the hot medium. The distribution for charm quarks at RHIC and LHC energies does hardly differ
while the modification at FAIR energies is somewhat larger due to the slower medium evolution
and the stronger modification due to the coalescence mechanism. This finding is in agreement with
the calculations of [4].
Extreme heavy-quark thermalization: For this scenario the drag and diffusion coefficients are
multiplied by a factor of 20. Therefore the charm quarks become nearly completely thermalized
with the bulk medium. The charm quarks tend to adopt angular correlations diametrically opposed
to the initial correlations. This is different from the calculated “flat” correlation distribution for
full thermalization in [4]. This difference is due to the radial and elliptic flow which has been
neglected in the calculation of [4], but is included in our full (3+1)-dimensional hydrodynamic
evolution. Charm and anti-charm-quarks which are initially produced back-to-back are dragged
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with the expanding medium and their angles align.
In the following we will explore the full angular correlations of D-mesons defined by
∆φ = cos−1 (~u · ~v) / (|~u| · |~v|) . (5)
Our results are shown in Fig. 3.
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FIG. 3. (Color online) Angular correlations of D-mesons at FAIR, RHIC and LHC energies in the centrality
range of 20-40%. Three different scenarios are shown: no interaction with the medium, physical drag and
diffusion coefficients and extreme thermalization with 20-fold higher coefficients. The correlation gets flatter
for lower collision energies and larger drag and diffusion coefficients. The angular modification for the case
of no interaction is due to the coalescence mechanism. The yields are normalized to one.
Here, for random angular correlations the distribution corresponds to the geometrical sin∆Φ
dependence. As already seen in case of the azimuthal correlations, the correlations are moved to
smaller angles for higher drag and diffusion coefficients. For the extreme thermalization scenario
the D-mesons are preferably correlated with small angles due to the substantial radial and elliptic
flow, as already seen in Fig. 2.
IV. THE INVARIANT MASS SPECTRA OF ELECTRONS FROM D-MESON DECAYS
As described in the introduction, electrons/positrons from DD¯-meson decays are the main
background contribution for thermal QGP radiation in the invariant mass region of 1 to 3GeV.
Therefore, these invariant mass spectra will be explored for FAIR, RHIC and LHC energies in the
following. Finally, the invariant mass spectrum at RHIC energy will be compared to available data.
To obtain these invariant mass spectra, we have described the decay of the (still correlated) D-
and D-mesons to e+e− pairs using PYTHIA. Our results are shown in Fig. 4.
Again the results for the three different energies assuming no thermalization, normal thermal-
ization and extreme thermalization are shown. As expected the invariant mass spectra are softer
for lower collision energies. At all energies the different thermalization scenarios lead to consid-
erably different results. High thermalization leads to a strong suppression of high momentum
particles, and the spectra become softer. In contrast to our calculations for the angular correlation
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FIG. 4. (Color online) Invariant mass spectra of electrons from D-meson decays at FAIR, RHIC, and LHC
energies in the of 20-40% centrality class. Three different scenarios are shown: no interaction with the
medium, physical drag and diffusion coefficients and extreme thermalization with 20-fold higher coefficients.
The spectra are harder for higher collision energies. Thermalization leads to considerably softer invariant
mass spectra. The yields are normalized to one.
we see differing results for the different collision energies also when applying the full thermalization
scenario. The reason are the higher momenta of the D-mesons at higher collision energies which
translate to harder decay spectra.
Finally we compare our calculation to an experimentally measured invariant-mass spectrum
from the PHENIX experiment at RHIC. Here we have performed a minimum bias calculation
(σ/σtot = 0%-92%) and applied the appropriate experimental cuts. The result is shown in Fig. 5.
Here especially the Mℓ+ℓ− range between the φ- and J/Ψ peak of ∼ 1 to 3GeV is of large
interest because thermal dilepton radiation from the hot and dense matter is expected to dominate
among all other thermal sources in this range. Our UrQMD calculation excluding interactions
of the charm quarks with the medium approximately matches the measured dilepton radiation
in the range of 1 to 3 GeV. If we include interactions of the charm quarks with the medium in
the calculation (physical thermalization scenario) our result well underestimates the experimental
data. This difference between the dilepton contribution of D-meson decays and the experimental
dilepton measurements might originate from thermal radiation and might therefore be a QGP
signal. It increases significantly in the dilepton mass range from 1 to 3 GeV. For completion we
also included our calculation for extreme thermalization. Here high invariant masses are strongly
suppressed and the difference between our calculation and the measured data is substantial in the
invariant mass range of interest.
The difference of our calculation excluding interactions and the pp calculation in PYTHIA
is, besides the hadronization mechanism, due to the different initial charm-quark distributions
used. The random correlation that is used by the PHENIX collaboration assumes a flat angular
correlation in contrast to the results of the calculation (cf. Fig. 3).
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FIG. 5. (Color online) Invariant mass spectra of electrons in Au+Au collisions at
√
s
NN
= 200GeV in the
centrality range of 0-92% (min. bias). A rapidity cut of |y| < 0.35 and a momentum cut of pe
T
= 0.2GeV/c
are applied. The dilepton data points are taken from a PHENIX measurement [56]. They are compared
to calculations of electrons from D-meson decays. Also the pp calculation in PYTHIA and the random
correlation calculation are taken from PHENIX [56]. The UrQMD calculations show three different scenarios:
no interaction with the medium, physical drag and diffusion coefficients and extreme thermalization with
20 times higher coefficients. The difference between our physical scenario and the measured dilepton decays
might be due to thermal radiation from the medium. The yields are normalized to the PYTHIA pp yield
taken from [56].
V. SUMMARY
In this paper we have calculated the angular correlations of D-mesons and the invariant-mass
spectra of e+e− pairs from correlated D- and D-meson decays using a Langevin simulation within
the UrQMD hybrid model for the bulk-medium evolution at FAIR, RHIC and LHC energies.
For these calculations we have assumed a scenario without interactions of charm quarks with the
medium, a physical scenario with realistic drag and diffusion coefficients (providing a satisfactory
description of data on the RAA and v2 of non-photonic electrons at RHIC and D-mesons at LHC)
and a scenario of extreme thermalization with strongly enhanced drag and diffusion coefficients.
The azimuthal correlation distributions show a flattening of the distribution function for higher
drag and diffusion coefficients as predicted in an earlier calculation [4]. For an extreme thermal-
ization, however, the correlation function tends to small angles do to the radial and elliptic flow
developing in our hydrodynamic calculation. This effect can also be observed when exploring the
full angular correlation distribution.
Subsequently, we have studied the invariant mass spectra of the electrons from D-meson decays
and find softer spectra for low collision energies. Moreover the spectra show a considerably softer
shape in case of stronger heavy-flavour-medium interactions.
Finally we have compared our calculations to experimental data from the PHENIX experiment.
Here we find that our physical scenario cannot saturate the dilepton radiation in the dilepton
invariant mass range between 1 and 3 GeV as a single source. We deduce that the difference
between the experimental measurement and our calculation might be due to thermal radiation of
the hot medium and might therefore originate from thermal QGP radiation.
We conclude, that a measurement of the angular correlation function would allow to check the
validity of our model approach for D-meson correlations and therefore directly lead to a more
8
definite estimation of the QGP background radiation.
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